The James Webb Space Telescope (JWST) mission is a collaborative project between the National Aeronautics and Space Administration (NASA), the European Space Agency (ESA) and the Canadian Space Agency (CSA). On board JWST, the NIRSpec instrument developed by EADS Astrium for ESA is a near-infrared spectrograph covering the 0.6-5.0 µm domain at spectral resolutions of 100, 1000 and 2700.
INTRODUCTION
The NIRSpec instrument on the James Webb Space Telescope (JWST) is developed and built under prime contract by EADS Astrium GmbH. NIRSpec, primarily being a multi-object spectrograph, features an Integral Field Unit (IFU) to offer integral field spectroscopy as well. This IFU is subcontracted to Surrey Satellite Technology (SSTL). The Centre for Advanced Instrumentation (CfAI) at Durham Universtiy is responsible for manufacturing the IFU's mirrors -together with the associated metrology -and the cryogenic performance testing and qualification of the IFU. Last but not least, the Centre de Recherche Astrophysique de Lyon (CRAL) is, amongst other contributions, responsible for scientific and calibration support to EADS Astrium in the NIRSpec project.
The following sections in this paper outline the principle of integral field spectroscopy and its scientific objectives within the JWST programme. The integral field spectroscopy (IFS) mode in NIRSpec is described along with its implementation in the instrument. This will cover how the IFU is integrated in NIRSpec together with a description of the IFU's design. Since the IFU uses diamond machined optics, a section is dedicated to the manufacturing of the IFU's mirrors. Since the IFU in NIRSpec uses highly aspheric mirror surfaces, some detail is given on mirror metrology. For more detail on metrology for the NIRSpec IFU, see also the respective paper in this conference 3 .
SCIENTIFIC OBJECTIVES
Although it is a general purpose instrument, NIRSpec is optimized for two of the key science drivers behind JWST, namely the "First light in the Universe" and the "Assembly of Galaxies" topics (see Mather et al. 2005 1 for a presentation of the JWST scientific objectives). In this context, the IFU mode of NIRSpec can play a significant role in helping NIRSpec to achieve its scientific objectives. Indeed, a major task for the NIRSpec IFU will be the exploration of the physical and kinematic structures of high-z galaxy populations in the early universe. By providing the NIRSpec user with the capability of conducting detailed studies of individual objects, the NIRSpec IFU is a very interesting complement to the NIRSpec MOS mode and its high multiplexing capability.
The two-dimensional spectral information provided by NIRSpec IFU is particularly important for these detailed studies of individual objects because high-z galaxies often show complex 2D structures (differential extinction effects, decoupled ionized and stellar structures, very complex velocity fields due to interactions and mergers, etc). In this case, the sole use of slit spectroscopy often make the interpretation of the results difficult and can even be misleading.
NIRSpec IFU observations will allow to evaluate the importance of orbital ordered motions (i.e. rotation) and to determine dynamical masses from spatially resolved kinematics for those systems dominated by rotation. Similarly, IFS data will permit to directly determine if the ionized gas and stellar components are or not coupled and, therefore, infer more accurate star formation rates (SFR). Other related studies requiring two-dimensional spectral information include the study of large scale outflow motions and their role in the enrichment of the intergalactic medium, and the study of the two-dimensional stellar populations of galaxies as a tool to understand their past history. All these NIRSpec IFU observations will help to secure our understanding of the physics of the mechanism at play in these objects. Such an understanding is a key ingredient in the analysis of the large 1D surveys to be carried out in the NIRSpec MOS mode using the Micro-Shutter Array (MSA).
Of course, the scientific interest of the NIRSpec IFU mode is not limited to the study of the formation and evolution of galaxies. In particular, a large number of galactic studies will benefit from the availability of this IFU mode.
THE INTEGRAL FIELD UNIT IN NIRSPEC

The Integral Field Spectroscopy Mode in NIRSpec
The overall layout of the NIRSpec field-of view covers a 3.4 arcmin ×3.6 arcmin area on the sky, most of it being dedicated to its MOS mode (9 square arcminutes effective field of view). In contrast the NIRSpec IFU, which is dedicated to the study of individual objects at high spatial resolution, has a very small field of view of 3 arcsec × 3 arcsec sampled at 0.1 arcsec. It is based on the advanced image slicer concept (Content 1997 2 ) with a stack of 30 slices reorganizing the IFU field of view at the entrance of the NIRSpec spectrograph in a pseudo-slit made of 30 slices of 0.1 arcsec × 3 arcsec. A summary of the properties of the IFU mode of NIRSpec is provided in Table 1 .
NIRSpec IFU properties
Concept
Advanced image slicer module (Content 1997 , [2] Number of slices 30
Field of view 3 arcsec × 3 arcsec Spaxel size 0.1 arcsec × 0.1 arcsec
Spectral configurations
Coverage of the 0.6-5.0 µm spectral domain in one shot at 25 ≤ R ≤ 300 using a prism
Coverage of the 0.7-5.0 µm spectral domain in four shots at R ≈ 1000 and R ≈ 2700 (using gratings) 
Optical Design
Basic principles of the IFU
The optical function of an IFU is to accept the beam from a small area -typically square -of the telescope focal plane, where entrance slits and apertures for the spectrometer would normally be placed, to dissect the area image into a set of parallel slices and re-image them along a single line, to form of a virtual entrance slit. This allows the following spectrometer to analyse the spectra of all points in the accepted area of sky in a single dwell period.
The typical organization and components of an IFU will be introduced briefly, before we describe the design of the NIRspec IFU. A conventional IFU optical design, indicated schematically in Fig. 1 , includes:
Pick-off (input fold) mirror. A pick-off mirror must be used to receive light from the telescope focal plane, and reflect the light into the following IFU optics. The NIRSpec IFU will differ from most existing IFU designs in that the pick-off mirror cannot be placed at the focal plane; this tends to increase problems in achievement of optical performance, in a confined optics envelope.
Re-imaging mirrors. Re-imaging mirrors will form a magnified image of the input field onto a slicer (at which the input image is dissected). To produce the required magnification in a limited space, a telephoto arrangement can be used, with a concave first re-imaging mirror and a convex second re-imaging mirror. For the NIRSpec IFU, greater magnification is required overall in the X (spectral) direction, than in the Y direction, by a factor 2; it is most convenient to introduce anamorphic magnification using the two re-imaging mirrors. For the NIRSpec IFU, magnification factors x10 and x20 will be used in Y and X sections respectively: providing nominal facet areas 12mm x 0.8mm, which are convenient for manufacture of the slicer. Slicer. The slicer is located at the magnified image produced by the re-imaging mirrors; it will split this image at 30 mirror facets. The next set of mirrors -the pupil mirrors -are typically in a common line. Each slicer facet is curved and tilted on X and Y axes to direct the slice-image beam onto a unique associated pupil mirror.
Pupil mirrors and slit mirrors. The pupil mirrors are curved and tilted to form sub-slit images in a common lineeffectively the entrance slit of the following spectrometer. The sub-slit images are normally formed on the surfaces of a line of slit mirrors. The slit mirrors are curved and tilted such the output beams, from all image points in all sub-slit images, are directed towards a common spectrometer entrance pupil. The NIRSpec IFU differs from some existing systems in that the slit mirrors cannot be located at the focal plane: for NIRSpec the slit mirrors will be followed by a final fold mirror, which will reflect a virtual image of the slits at the spectrometer input focal plane. The NIRspec IFU is required to receive an f/12 beam from the spectrometer entrance focal plane, over an accepted area 1.2mm square. It will dissect this area into 30 slices, each 0.04mm x 1.2mm, and reimage the slices in the spectrometer entrance plane over a line 75mm long. The re-imaged slices will be formed at unit magnification in the X (slit) direction, and at x2 magnification in the Y (dispersion) direction. In this section, axis directions are defined as follows:
• Z is the local mean direction of the light beam
• X is the direction of the virtual entrance slit produced by the IFU
• Y is the direction orthogonal to local X and Z -the spectral dispersion direction of the following spectrometer
The NIRspec IFU departs from the typical layout introduced above mainly because it is required to fit within a restricted space on a pre-designed Micro-Shutter Assembly. The baseline optical design is shown in Fig. 2 and Fig.3 . Fig. 2 is a view in the X direction, with rays drawn for only 5 points in the field (reflected from 5 slices of the slicer). An all-mirror system is preferred, to deal with the wide spectral range of NIRSpec, and to limit problems associated with survival over a wide temperature range.
Two flat mirrors -pick-off and a second fold mirror -direct the beam from the input field onto the first re-imaging mirror. The first relay mirror -the largest continuous optical surface -is a concave toroid with small cubic perturbations. It reflects the beam onto the second relay mirror: this is a small mirror located between two groups of pupil mirrors; it is a convex toriod, also with small cubic perturbations. The two relay mirrors form a good image of the input field on the slicer, at magnification factors x20 in the YZ section and x10 in XZ.
A detail of the slicer is shown in Fig. 4 , with principle rays to extremes of each sub-slit field included. The slicer has 30 facets, with facet dimensions averaging 0.8mm (Y) by 12mm (X). The slicer facets are shaped to image the pupil (which is at infinity in the object space) onto individual pupil mirrors. The slicer facets are made slightly toric, to correct for astigmatism in pupil-imaging by the two relay mirrors. They are tilted on X and Y axes to direct beams at the pupil mirrors.
The pupil mirrors -see The pupil mirrors are tilted on X and Y axes such that the reflected beams are directed at the slit mirrors, also shown in 
Mechanical design of the IFU
The IFU optics is produced by diamond machining in aluminium alloy. Seven monolithic optical components are included:
• The pick-off (1 st fold) mirror
• The second fold mirror
• The 1 st relay mirror
• The second relay mirror integrated with the array of 30 pupil mirrors
• The slicer (30 mirror facets)
• The array of 30 slit mirrors
• The 3 rd (final) fold mirror These optical components are mounted on a chassis made from the same aluminium-alloy billet as the optics, so that there are no significant CTE differences between optics and mounts. Interface surfaces between the optical components and chassis are diamond machined to achieve required location accuracies and freedom from distortion due to mounting stress. 
\
The chassis is mounted on the Micro-Shutter Assembly (MSA) bracket of the NIRSpec spectrometer system. This bracket is constructed in Titanium, so that it is necessary to employ flexures between the IFU and MSA to limit thermoelastic stress on both. The chassis is therefore mounted on the MSA bracket via 3 Titanium bipods (Figure 6 ).
Integration of the IFU Inside NIRSpec
The IFU's focal plane is located in the focal plane of the Microshutter Array (MSA) and receives its input field from a window in the MSA (Figure 9 ). The MSA features a magnetic arm to actuate its shutters; this arm is also used to move a cover over the IFU window when operating NIRSpec in multi-object spectroscopy (MOS) mode and to open it when integral field spectroscopy shall be performed. Figure 8 shows the optical layout of NIRSpec in integral field spectroscopy (IFS) mode. It is easily seen how the IFU spreads out its narrow field of view to a virtual slit. Since the IFU itself lies behind the MSA the available space is rather tight, which leads to the elaborate optical design using aspheres throughout the system. Due to the proximity to the MSA, the final fold mirror needs to be very long and thin (cf. Figure 6 ), which makes surface form and mounting distortions a challenge.
The MSA and the IFU reside on a common structure which is kinematically mounted to the optical bench of NIRSpec. The two will be aligned to each other separately off the instrument and then installed in NIRSpec using the MSA as a reference.
Pick-off periscope 
Mirror Production
The mirrors for NIRSpec IFU were diamond machined at the CfAI Precision Optical Laboratory (POL). Most of the optical surfaces are highly complex, often multi-faceted and lacking symmetry, with their shapes defined by a polynomial series. As such, these surfaces are impossible to fabricate by conventional polishing techniques and therefore well suited to diamond machining. Furthermore, current capabilities allow the replication of complex surfaces to a form accuracy of 10-15 nm RMS with a surface roughness of less than 10 nm RMS.
Final machining of optical surfaces and mounting surfaces was carried out on one of two precision machines: Moore Nanotechnology Systems Nanotech 250 three axis or Nanotech 350 five axis diamond turning lathes. All mirrors were fabricated from a single billet of aluminium 6061 T651. Prior to diamond machining, rough component blanks were made for each component using conventional CNC machines. Machining of the blanks was carried out in two distinct operations and after each stage a heating/cryogenic cycling process was used to artificially age the aluminium surface to stabilise the optical surfaces.
Many of the surfaces, especially the faceted surfaces, were cut using raster flycutting which employs a fixed workpeice and a rapidly rotating diamond tool. On the other hand, the large Relay 1 component was cut using slow slide servo, where the component is rotated and the diamond tool moved under servo control. Great care had to be taken in mounting the components during the machining operations. Mounting forces can easily create distortions much greater than those dictated by the form accuracy requirements. Fixing methods included the use of vacuum chucks, judicious mechanical bolting and waxed mounting.
Components for two separate instruments, the Engineering Qualification Model IFU (EQM) and Flight Model IFU (FM) were machined. Each instrument requires three flat mirrors, two aspheric relay mirrors and three multi-faceted mirrors, the Slicer, Pupil and Slit Mirrors. The latter three components each have thirty facets to populate the thirty IFU channels, making a total of ninety faceted surfaces. The largest surface diamond machined was a continuous optical flat and mounting surface of 110 mm by 8 mm. Other mirror sizes vary from the large, 24 mm diameter first relay mirror, to the second relay mirror with a clear aperture of 1.6 by 2.6 mm and the smallest facets on the multifaceted mirrors which are 1.6 by 0.5 mm. As previously explained, the form of the (non flat) optical surfaces was defined by polynomials that were derived directly from the surface descriptions generated by the Zemax optical design software. These polynomials were then transferred to the Nanotech machines for diamond machining.
To ameliorate component distortion upon mounting, component mounting surfaces were also diamond machined. The same process was also used to machine the corresponding mounting surfaces on the IFU chassis. This process helps reduce flexure when component and chassis mounting surfaces are brought together in assembly. The mounting surfaces were machined by raster flycutting or by turning.
Multi-object field of view
Of critical importance is the optical testing of each component. The surface of each component was interferometrically tested for deviation from the 'as designed' form. Excessive surface deviations adversely affect the instrument's wavefront error. Typical requirements are for an RMS deviation from the designed surface of no more than 15 nm RMS. In addition, the surface roughness of each component was measured using White Light Interferometry. Component surface roughness contributes to the instrument's light scattering budget and all surfaces are required to have a roughness of no more than 15 nm RMS. In addition, the orientation of optical surfaces needs to be measured, particularly in the case of the multi-faceted components. Characteristics of mounting surfaces, such as flatness, were also measured.
The mirror components were subject to a four stage cleaning process in different solvents. The cleaning process included solvent cleaning in a high frequency ultrasonic bath (70 and 130 kHz). Choice of frequency was dictated by the need to minimize the risk of damage to the sensitive components. After cleaning, all surfaces were coated with a proprietary protected gold coating, optimized for infra-red applications.
Following assembly of the instruments, a series of functional and performance tests is to be undertaken at ambient temperature. The integrated EQM and FM IFUs will be qualified at cryogenic temperatures by thermal cycling and repeated optical testing. The thermal envelope for the cycling tests is between 22 and 315 K at a pressure of below 10 -6 mbar.
The purpose of these tests is to establish whether any significant performance change takes place when the instrument is cooled to its operating temperature. A large part of the test process will be devoted to the interferometric measurement and characerisation of the Wavefront Error (WFE) for a limited subset of the 30 IFU channels. The overall budget for WFE is 120 nm for all channels, and the focus of the measurement will be on establishing the changes between ambient and operating temperatures. The position of the input focal plane relative to the Instrument's mechanical reference point will also be located. In particular, any change between ambient and operating temperatures will be noted; this information is essential in the Instrument's final assembly, to enable the correct positioning of the input focal plane. The change in optical throughput between the warm and operating conditions will also be measured.
METROLOGY OF COMPONENT SURFACES
Metrology of the mirror surfaces posed a significant challenge. In particular, two specific areas proved to be most demanding. Firstly, the determination of form error of highly astigmatic freeform surfaces to a few nanometres, required the use of non-standard interferometric arrangements. Secondly, the faceted surfaces required the relative orientation of each facet to be determined accurately. This was very difficult and required a co-ordinated approach involving the combination of interferometry, precision positioning and data manipulation. Representative examples of these measurements are discussed here. A detailed account is reproduced in a dedicated paper to this conference 3 .
Form Measurement of Highly Astigmatic Surfaces
General
Most of the surfaces in the NIRSPEC IFU are either flat, or spherical to within a few nanometres. For these surfaces, measurement of the surface form error against the specification (10 -15 nm) was straightforward using standard interferometric techniques. However, in the case of the two relay mirrors, Relay 1 and Relay 2, their large astigmatic component makes direct, accurate inteferometric measurement impossible. By way of example, we will consider here the case of the Relay1 Mirror.
Form Measurement of NIRSpec IFU Relay 1 Mirror
The Relay 1 mirror is a 25 mm diameter concave component with a base radius of 173.1 mm. In addition, the surface has a large 90° astigmatic term amounting to 2.3 µm RMS over the 25 mm diameter. Overall, the surface is specified in terms of a base radius and two additional Zernike terms, Z6 (astigmatism) and Z7 (coma). To determine the overall form error to an accuracy of better than 5 nm, the absolute value of the astigmatic term, Z6 must be established to within this value. The measurement procedure discussed here is based upon the Twyman-Green Interferometer, and uses a commercial embodiment (FISBA µ2HR) of this arrangement. Figure 10 illustrates why a direct, accurate measurement of this astigmatic mirror cannot be made. It shows a highly distorted interferogram made by direct reflection from the mirror.
Value (mm)
To make an accurate measurement, it is essential, that this distortion is entirely removed. This was achieved using a tilted arrangement, as shown in Figure 2 , where an additional precision spherical reflector was used to provide a double pass. The principle behind this technique is that many astigmatic surfaces can be approximated to an ellipsoid. An ellipsoid has the property that it forms a perfect focus for off-axis geometries, where the object and image are located at the ellipsoid foci. In the case of Relay 1, the tilt angle, θ, as depicted in Figure 11 , is approximately 9°. Whilst the ellipsoid shape is merely an approximation to Relay1, the departures is much less than a wavelength (at metrology wavelengths -633 nm), producing a distortionless interferogram. Small designed departures from this shape, together with manufacturing errors will show up in the resulting interferogram.
Implementation of this arrangement involved placing the component on a rotary table, and the reference sphere on an XYZ table. The component was rotated and the sphere 'tracked' to produce an untilted and focussed interferogram. The tilt angle was optimised to 'null out' the astigmatic component. Removal of the astigmatic distortion is clearly illustrated in a typical interferogram shown in Figure 3 . The fringes seen in figure 3 show the residual form deviation. In practice, for Relay 1, this is mostly the Zernike 7 term (see Table 2 ). The interferometer and analysis software is able to decompose the resulting interferogram and express the form error contributions in terms of Zernike polynomials. Of course, due account must be taken of the fact that the system is a 'double pass system', and that the raw form error data needs to be halved. For the purpose of determining the overall form error, the resultant interferogram was analysed to determine the form error contribution arising from Zernike components of order 3 and above (i.e. from Zernike 7 upward). In addition, the information in the interferogram enabled the determination of the contribution of 45° astigmatism (Zernike 5).
However, the interferogram itself does not provide sufficient information to determine the magnitude of the Zernike 6 component. To do this, it is necessary to determine the tilt angle, θ 0 , to high precision. As an approximation, this angle is related to the sag difference by the following formula: In practice, the optimal (specified) angle is calculated accurately using (Zemax) software simulation. Accurate measurement of this angle is of critical importance. If the measurement uncertainty is to be no more than 5nm RMS, then (for θ0 = 9°) then the measurement tolerance is ±0.01°. A novel approach was adopted here of measuring this angle indirectly. Instead of relying on the rotary table position to provide a direct measurement, the position of the reference sphere was carefully measured. Significantly, there are two positions, ±θ 0 , where the astigmatism is nulled out. Measurement of the displacement, d, of the reference sphere between these two positions provides an accurate determination of θ 0 . In this way, the angle could be measured to ±0.005°. Table 3 summarises a typical measurement for Relay 1, with the total form error being split into Zernike polynomial components. 
CURRENT STATUS
The IFU is being built as Engineering and Qualification Model (EQM) and Flight Model (FM). Currently, the EQM is being assembled and aligned at SSTL's premises, with the first four mirrors installed. The subsequent steps involve the first relay mirror and the 30-mirror arrays. Almost all FM parts have been machined and coating of the remaining mirrors is expected to take place in June. A structural model of the IFU was already delivered to Astrium in early 2007. 
Measured
